Abstract: Intrinsic cellular properties of several types of cells are dramatically altered as the culture condition shifts from two-dimensional (2D) to three-dimensional (3D) environment. Currently, several lines of evidence have demonstrated the therapeutic potential of mesenchymal stem cells (MSCs) in regenerative medicine. MSCs not only replenish the lost cells, they also promote the regeneration of impaired tissues by modulating the immune responses. Following the development of 3D cell culture, the enhanced therapeutic efficacy of spheroid-forming MSCs have been identified in several animal disease models by promoting differentiation or trophic factor secretion, as compared to planar-cultured MSCs. Due to the complicated and multifunctional applications in the medical field, MSCs are recently named as medicinal signaling cells. In this review, we summarize the predominant differences of cell-environment interactions for the MSC spheroids formed by chitosan-based substrates and other scaffold-free approaches. Furthermore, several important physical and chemical factors affecting cell behaviors in the cell spheroids are discussed. Currently, the understanding of MSCs spheroid interactions is continuously expanding. Overall, this article aims to review the broad advantages and perspectives of MSC spheroids in regenerative medicine and in future healthcare.
3D Culture of Cancer Cells or Stem Cells
Cancer cells are the most common cell types that have been investigated by 3D culture systems, and obvious change of gene expression as well as intracellular signaling in these 3D-cultured cancer cells have been shown in the literature, as compared with those cultured on tissue culture polystyrene (TCPS) plates. The overall change of transcriptome has been analyzed by bioinformatic approaches in several types of cancers. For glioblastoma multiforme (GBM) cells, the change of expression levels of 10 thousand genes has been demonstrated after culture in 3D poly (lactic acid) (PLA) scaffolds [4] . The whole gene expression profiles of lung carcinoma and squamous cell carcinoma cultured in Matrigel were also analyzed. The expression levels of genes related to cell adhesion and immune response were changed when the culture environment of cancer cells was changed from 2D to 3D, suggesting the alternation of tumorigenicity of these 3D-cultured cancer cells [5] . Regarding the cell growth, the proliferation rate of ALDH+ (aldehyde dehydrogenase, a classical marker for cancer stem cells) breast cancer stem cells was amplified (~2-fold after 3 days of culture) by PLA porous scaffolds vs. those cultured on 2D plastic plates [6] . Spheroid-forming lung and liver cancer cells generated on biomaterial-based flat substrates or cellulosic scaffolds have increased cancer stemness, cell mobility, and chemoresistance [7, 8] .
Stem cell transplantation is the most promising strategy in regenerative medicine to achieve the functional recovery of impaired tissues or organs. With regard to stem cell culture, the stemness maintenance and differentiation capacities are of critical importance. Several positive effects have been demonstrated for 3D-cultured stem cells. For example, human embryonic stem cells (hESCs) have been successfully amplified in the form of suspended 3D spheroids, and these massively produced hESCs maintain their pluripotent properties to differentiate into the cells belonging to all three germ layers [9] . With the appropriate induction, floating-cultured ESCs self-organize into several different 3D organoids such as neural retina, liver buds, and inner ear [10] , whereas it is inapproachable for the traditional 2D culture system.
Mesenchymal stem cells (MSCs) cultured in 3D space are intensively examined as well, though MSCs are conventionally defined as plastics-adherent. As compared to 2D culture, several benefits to MSCs have been identified when they are grown in a 3D environment. The benefits include the promotion of self-renewal and differentiation activities as well as up-regulation of paracrine secretion [11] . In addition to these positive effects, the enhancement of therapeutic potential of 3D-cultured MSCs was proven in cardiac and neural disorders [12] . Neural stem cells (NSCs) have been proposed to treat the neurodegenerative diseases, and the clinical trials have already started [13] . The proliferation and differentiation of NSCs were both observed in the scaffold-based or scaffold-free 3D culture system [14, 15] . Furthermore, the differentiation potential of adherent and spheroid-forming (by non-adherent plates) neural progenitors was compared in a recent study. Researchers found that the number of neural progenitors with higher differentiation potential was greater in the spheroid-forming group, as compared to the 2D-cultured neural progenitors. Meanwhile, the differentiated neurons derived from 3D neural spheroids also displayed the longer neurites (~1.5-fold increase) after induction [16] . These evidences indicate the advantages of culturing neural progenitors in a 3D spheroid.
The accumulated evidence indicates that the properties of cancer cells and stem cells are significantly distinct after culturing in 2D vs. 3D spaces. Due to the biomimetic features, the 3D-cultured cells have been tested in tissue regeneration, drug screening, and other medical applications [17, 18] . Furthermore, 3D culture platforms are convenient tools for clarifying the interactions of cell-cell and cell-environment in normal and cancer tissues in vivo [19, 20] . Current 3D culture systems can be divided into the scaffold-free and scaffold-based platforms. The differences in cell-substrate interaction between these two types of approaches may result in the specific effects on the alteration of cellular physiology. For the scaffold-based platforms, cells are attached and grown in or on the porous scaffolds. On the contrary, for the scaffold-free platforms, cells are organized into the cell spheroids and floated in the culture medium due to the lack of tangible supporting materials.
Cells cultured on the chitosan (CS)-based substrates are unique because they are transiently attached on the surface but only loosely attached (floated) after forming the spheroids [21] . It is valuable to explore the relationship between the environmental factors and behavior changes for the cells grown in the common 3D culture systems.
Cell-Material Interface and Interaction in Scaffold-Free Stem Cell 3D Culture Systems
Scaffold-free culture platforms are simple, rapid, and low-cost methods to culture stem cells in a 3D environment, and thus are suitable for biomedical applications requiring high throughput property. In these systems, stem cells are cultured in a non-or low-adherent environment, and then are compelled to organize into the suspended cell spheroids. Hanging drop is the easiest approach to generate cell spheroids and does not require any additional or specific culture materials. Spheroids formed by hanging drop are aggregated by gravitational force and maintained in a liquid environment [22] . Due to the lack of direct contact with solid supporting interfaces, the cell-environment interaction only exists within the interior of cell spheroids. A few other similar approaches, such as pellet culture and low-attachment culture also demonstrate the spontaneous secretion of ECM proteins from the spheroid-forming cells [23] [24] [25] , indicating that the composition of ECM proteins is the crucial environmental factor for the regulation of cell properties in these types of 3D culture systems.
Biomaterial-based planar substrates are major systems to generate cellular spheroids as well, such as agarose and CS-based substrates [26, 27] . Agar/agarose system belongs to the non-adherent spheroid-forming approach. Therefore, the cell-substrate interaction is also limited in the agar/agarose culture system. In contrast, the carbohydrate structure of chitosan is similar to the glycosaminoglycans (GAGs) in the ECM [27] . Meanwhile, the cell-chitosan contact has been demonstrated by experiments [21] . Therefore, the cell-environment interactions in the CS-coated system are more complicated than those of hanging drop and low-attachment culture approaches.
Several kinds of stem cells are assembled into cellular spheroids or co-spheroids and then used to demonstrate various medical applications. The physiological features of cell spheroids may be different due to the approaches of spheroid formation. Some distinct effects are found in MSC spheroids formed by hanging drop, low-adherent culture, or CS-based substrates, as compared to the planar-cultured MSCs. Hanging-drop-derived MSC spheroids displayed over 100-fold increase in the expression of anti-inflammatory [TNFα stimulated gene/protein 6 (TSG-6)] and anti-cancer [IL-24 and TNFα-related apoptosis inducing ligand (TRAIL)] genes, compared with the adherent MSCs on TCPS [28] . The stemness of MSCs was well maintained in the spheroids generated by the hanging drop approach, and the expression levels of stemness markers including Oct4, Sox2, and Nanog were higher than those of 2D-cultured MSCs [29] . On the other hand, MSC spheroids formed by low-adherent plates secreted more angiogenic factors, such as vascular endothelial growth factor (VEGF) as well as stromal cell derived factor (SDF), and the cell proliferation of MSC spheroids displayed~2-fold increase as compared to 2D-cultured MSCs in vivo after transplantation to the mice ischemic hindlimb [30] . Moreover, MSCs derived from human adipose and placenta tissues displayed increased stemness and chondrogenic differentiation potential after culture on CS and CS-based substratum [21] . Meanwhile, by the microarray technique, the changes of expression levels of~300 genes were discovered for the MSC spheroids on CS substrates compared with the MSC grown on TCPS, indicating the substantial alternation for the MSC behavior after the spheroid formation [31] .
Based on the findings mentioned above, the cell behavior of MSCs is dramatically changed as the culture environment shifts from 2D to 3D. Furthermore, the cell properties of MSCs may be different in the spheroids generated by the distinct forming approaches. Further direct evidence is that the human MSCs expressed more focal adhesion proteins and displayed stronger intercellular crosstalk when they were cultured on graphene-incorporated CS membrane rather than pristine CS substrates [32] . Therefore, the accumulating evidences provide important information for selecting the appropriate culture materials to induce the specific differentiation of MSCs or to trigger the unique regulation of MSC behavior, depending on the experimental requirement.
Spheroid Culture of MSCs
MSCs have been considered as the multifunctional agents for treating several types of degenerative diseases and immunological disorders [33] . Recently, the therapeutic efficacy of MSC spheroids has been tested in several animal disease models including wound healing as well as bone, cardiovascular, kidney, and liver disorders. Spheroid-forming MSCs secrete more bioactive factors such as fibroblast growth factor 1 (FGF1), vascular endothelial growth factor (VEGF), and prostaglandin E2 (PGE 2 ) to promote angiogenesis and reduce immune response, leading to the enhancement of wound regeneration [34, 35] . In a murine skin wound model, the injured site treated with MSC spheroids displayed higher regenerative and angiogenic rates [34] . In addition, the therapeutic efficiency of MSC spheroids was better than dispersed cells for the 5-fluorouracil-induced oral mucositis as well as weight loss [36] , indicating the potential of MSC spheroids in alleviating the side effects for cancer patients after chemotherapy.
MSC spheroids have been employed to in vivo cartilage and bone regeneration. Transplantation of MSC aggregates generated by hanging drop induced cartilage regeneration in the rabbit femur osteochondral defect model through the secretion of cartilage matrix [37] . On the other hand, MSC spheroids also promoted the osteogenesis and bone regeneration in the rat calvarial and femur defect models [38, 39] . Regarding the cardiovascular diseases, the therapeutic functions of MSC spheroids may be divided into cardiomyocyte regeneration and neovascularization. Adipose-derived MSC spheroids displayed higher cardiomyogenic potential as compared to 2D-cultured MSCs, and the functional recovery of impaired heart was demonstrated after injection of MSC spheroids in a chronic myocardial infarction rat model [40] . Moreover, the myocardial infarction of porcine can be obviously repaired by implantation of adipose-derived MSC spheroids [41] . Regarding the liver regeneration, 90% hepatectomized rats transplanted with the alginate hydrogel-encapsulated bone marrow cells displayed~5-fold survival rate and~1.3-fold liver weight, as compared to those transplanted with free bone marrow cells [42] . Another similar strategy to improve the survival rate of 90% hepatectomized rats was transplantation of hydrogel-embedded bone marrow MSCs into the spleen. In the latter case, the encapsulated MSCs rather than free MSCs continuously provided hepatotrophic factors with stable concentration, and resulted in~70% increase to the free MSC group for the survival rate of hepatectomized rats [43] . A more recent report demonstrated that the alginate-embedded MSCs differentiated into the liver cells and secreted IL-6 and other growth factors after transplantation into the spleen. Meanwhile, the secretion of the cytokines and growth factors for the encapsulated MSCs was~2-fold higher than free MSCs two days after surgery [44] . The above findings indicate that the therapeutic efficacy of MSCs can be obviously promoted when the MSCs are grown in an appropriate 3D environment. Furthermore, by the promotion of angiogenesis, paracrine secretion, cell differentiation, anti-inflammation, anti-apoptosis, or anti-oxidation, the greater therapeutic potential of MSC spheroids has also been demonstrated in kidney [23] and liver [45, 46] injuries, as compared with monolayer MSCs. These groups of evidence reveal the promising roles of spheroid-forming MSCs in future healthcare, especially in the functional recovery of damaged organs.
Currently, the novel and advanced strategies used to generate MSC spheroids and to induce their differentiation toward specific cell types are being continuously developed, such as magnetic levitation and micro-fluidic system [47, 48] . Meanwhile, several novel events have been discovered in the MSC spheroids and co-spheroids. Rat adipose-derived MSCs were cultured on agarose plate and self-assembled into microspheres. After induction, the expression of endothelial and osteoblast markers were both detected in the MSC spheroids, suggesting that it is a potential and simple method to fabricate a vascularized bone tissue [49] . Activity of angiogenic promotion for MSCs was proven in another MSC and endothelial cell (EC) co-culture experiment. ECs organized into a network structure in the MSC/EC heterotypic co-spheroids formed by the non-adherent U-bottomed plates. Replacing the MSCs by fibroblasts decreased the length and width of EC networks as well as branch formation. By the use of different inhibitors, platelet-derived growth factor (PDGF)-involved signaling pathway has been found as the predominant regulator for the EC alignment in this model [50] .
Positive effects for the cells co-cultured with MSCs in 3D co-spheroids have been mentioned in other literature. In the conventional culture, the islet cells are difficult to maintain. Although insulin secretion was not stimulated for islet cells, a current finding has demonstrated that the survival rates of islet cells were largely enhanced by forming the co-spheroids with MSCs on a special glass micromold [51] . Moreover, the proliferation of hematopoietic stem/progenitor cell (HSPC) was promoted by MSCs in a monolayer co-culture condition. However, this support is still too weak to produce sufficient HSPCs for clinical usage. Currently, co-culture of HSPCs and MSCs has been evaluated in a 3D spheroid by using non-adherent Pluronic-coated polydimethylsiloxane (PDMS) microwell platforms. The results demonstrated that the number of CD34-positive cells was increased on PDMS microwells; nevertheless, the co-culture strategy and system still needed further improvement before being subjected to clinical applications [52] .
For cell spheroid preparation, the major advantage of scaffold-free systems is the convenient collection of the formed spheroids. However, the drawbacks of these systems mentioned above, such as hanging-drop, low-adherent plate, micro-fluidic system, and PDMS microwells, are deficient in environmental interaction during and after the spheroid formation. CS-based substrates also belong to the scaffold-free platforms; however, the transient interaction of MSCs and chitosan surface has been observed. An illustration demonstrating the processes of MSC spheroid/co-spheroid formation on CS substrates and other common scaffold-free methods is shown in Figure 1 . In a previous study, human adipose-derived MSCs self-organized into cell spheroids on the CS-coated surfaces. MSCs displayed better chondrogenic differentiation when cultured on CS substrates as compared to those on TCPS. During the spheroid formation, MSCs adhered on the CS substrates at initial culture period, and then gradually merged and self-assembled into the cell spheroids, revealing the existence of crosstalk between the cells and CS substrates [21] . Rho/ROCK signaling pathway regulates the cytoskeleton rearrangement and cell adhesion/migration [53] . After the treatment of a ROCK inhibitor, Y-27632, MSCs still adhered and migrated on the CS substrates; however, MSC spheroids were not further organized. Meanwhile, CD44, a stemness marker of MSCs, was required for the movement and spheroid formation of MSCs on CS substrates. As blocking the formation of MSC spheroids by ROCK inhibitor or CD44 antibody, the overall stemness of MSCs was reduced [21] , suggesting the positive correlation between the spheroid formation and stemness maintenance for MSCs cultured on CS-based substrates. Furthermore, based on the observation on the relationship between MSC spheroid formation and their stemness, a further study has demonstrated that CS substrates can be employed as a rapid platform for selecting MSCs from adipose tissues. Adipose-derived MSCs isolated by CS substrates displayed higher proliferation rates and stemness, as compared to those collected by conventional plastic adherence approach. The expression of several stemness markers, such as Oct4, Sox2, and Nanog, as well as MSC marker, CD271 [54] , were well maintained in the MSC spheroids generated by CS substrates [55] .
After chemical grafting with other biomaterial compounds such as hyaluronan on CS membrane, several positive effects exerted on MSCs were further amplified, as compared to original CS substrates [21] . Furthermore, the composite CS materials, for example, CS-gelatin films and CS-collagen microbeads have been also tested as the culture materials and cell carriers for MSCs [56, 57] . Due to the ECM-mimicking and high biocompatibility, these biomaterial-based systems are promising approaches to maintain, expand, and even differentiate MSCs into the desired cell types.
Similar to the effects occurred in other scaffold-free co-culture systems, MSCs also played a supporting role in the heterotypic co-spheroids formed by CS substrates. MSCs isolated from rat adipose tissues improved the survival rates and promoted the differentiation of co-cultured NSCs in the co-spheroids on CS substrates. Meanwhile, the expression of neural-related markers was up-regulated in MSCs, indicating the increasing neural differentiation tendency for MSCs [15] . These evidences further strengthen the assistant role of MSC spheroids or co-spheroids in regenerative medicine. Appl. Sci. 2019, 9, x FOR PEER REVIEW 6 of 13
Figure 1. Formation of mesenchymal stem cells (MSC) spheroids/co-spheroids by chitosan (CS)
substrates and other common scaffold-free methods. During the monotypic or heterotypic spheroid formation on CS substrates, cells transiently adhere and interact with CS substrates, and then merge and further organize into cell spheroids. On the contrary, cells directly assemble into cell spheroids without cell-substrate interaction in other scaffold-free methods (hanging drop and low-adhesive methods). Furthermore, for the heterotypic spheroid formation, cell-cell and cell-substrate interactions result in the self-assembly of heterotypic cells and specific cell arrangement in the co-spheroids on CS substrates. However, cells are forced to form co-spheroids with random organization by other scaffold-free methods. ECM: extracellular matrix.
Similar to the effects occurred in other scaffold-free co-culture systems, MSCs also played a supporting role in the heterotypic co-spheroids formed by CS substrates. MSCs isolated from rat adipose tissues improved the survival rates and promoted the differentiation of co-cultured NSCs in the co-spheroids on CS substrates. Meanwhile, the expression of neural-related markers was up-regulated in MSCs, indicating the increasing neural differentiation tendency for MSCs [15] . These evidences further strengthen the assistant role of MSC spheroids or co-spheroids in regenerative medicine.
Physical and Chemical Factors Affecting Cell Behaviors in Scaffold-Free 3D Culture Systems
In 2D culture systems, the predominant physical factors affecting cell behaviors are the stiffness and topology of culture materials [58] . For scaffold-based 3D culture platform, such as substrates and other common scaffold-free methods. During the monotypic or heterotypic spheroid formation on CS substrates, cells transiently adhere and interact with CS substrates, and then merge and further organize into cell spheroids. On the contrary, cells directly assemble into cell spheroids without cell-substrate interaction in other scaffold-free methods (hanging drop and low-adhesive methods). Furthermore, for the heterotypic spheroid formation, cell-cell and cell-substrate interactions result in the self-assembly of heterotypic cells and specific cell arrangement in the co-spheroids on CS substrates. However, cells are forced to form co-spheroids with random organization by other scaffold-free methods. ECM: extracellular matrix.
In 2D culture systems, the predominant physical factors affecting cell behaviors are the stiffness and topology of culture materials [58] . For scaffold-based 3D culture platform, such as hydrogelencapsulated system, the differentiation potential of encapsulated MSCs is also directly affected by the stiffness of hydrogel. The hydrogels with higher and lower stiffness induced the differentiation of embedded MSCs toward myocytes/osteocytes and adipocytes/chondrocytes, respectively. Meanwhile, the differentiation tendencies of these MSCs were regulated by transforming growth factor β (TGF-β)-and integrin-involved signaling, revealing the relationship between the cell-environment interaction and cell fate determination [59, 60] .
For common scaffold-free 3D culture systems, the direct contact of cells and culture materials is very limited. In the hanging drop, cells are maintained and suspended in the culture medium, and no cell-substrate interaction exists. For the non-or low-adherent spheroid-forming system, cells "touch" rather than "interact" to the surfaces of culture materials. In a CS-based system, the cell adhesion is observed transiently. Therefore, the overall influences of surface stiffness and topology of culture materials in scaffold-free 3D culture systems are much slighter than those in 2D and scaffold-based 3D culture platforms. Based on the different approaches for spheroid formation, other extrinsic physical stimulation also affects the MSC behaviors. For instance, several evidences have demonstrated the functions of fluid flow in MSC differentiation. It has been reported that the osteodifferentiation of dexamethasone-treated MSCs was enhanced by the shear stress produced by a flow perfusion system during the period of culture [61] . A recent report also demonstrated that several indicators of osteodifferentiation of MSCs, including alkaline phosphatase (ALP) activity, type I collagen expression, and intracellular calcium ion concentration, were up-regulated in the MSCs after the stimulation of mechanical stress (4000 microstrain). Meanwhile, the mechanical stress-induced osteodifferentiation of MSCs was related to the activation of p38 mitogen-activated protein kinase (MAP kinase) [62] . Furthermore, the static or dynamic perfusion fluid also regulates the transportation of nutrients, waste, and gas in the culture systems. Thus, these factors have to be carefully concerned, especially in a micro-fluidic 3D system. Moreover, the hydrostatic pressure is also mentioned in the regulation of the cytoskeletal composition and MSC differentiation [63] . In scaffold-free 3D culture platforms, besides the gravity, the water pressure is the only resource of external pressure for the cultured cells. Therefore, it may be another choice to control the differentiation of MSCs by adjusting the hydrostatic pressure given to the spheroid-forming cells.
Physical factors affecting the MSC behaviors within the spheroids are generally related to the diameter and cell density of spheroids. With the growth or aggregation of cells, the diameter or cell density of spheroids is gradually increased and internal acidity may be changed due to the metabolic status. The internal material transfer may be blocked or decelerated by the size expansion of spheroids. However, it has been demonstrated that the cell viability of MSC spheroids or co-spheroids was over 80% when the sizes of these spheroids were larger than 300 µm [64, 65] , suggesting that the tight interaction between the cells would establish a strong communication network to support the cell vitality in the spheroids. Oxygen gradient is also a common issue in the study of cell spheroids. It is generally considered that the cells within the core of spheroids have to face the hypoxic state [66] . Recently, an approach to estimate the oxygen tension in the MSC spheroids has been developed. By a simulation approach, the researchers concluded that the change of oxygen concentration from the center to the surface was lower than 10% when the spheroid diameter was~700 µm. Meanwhile, the cell density and metabolism were both decreased by the increment of spheroid sizes, indicating that the cells would self-adjust the physiological status to avoid cell death through promoting mass transfer and reducing energy consumption [67] . It may be a mechanism for maintaining the cells with high viability in the spheroids.
The change of signal transduction is the major responses to the environmental chemical factors. Certainly, a part of these chemical effects was also derived from the mechanical stimulation. Ion strength may be one of chemical factor regulating MSC behaviors. To date, ion concentration in the spheroids has not been explored. It has been reported that the mechanical stress affected the activation of calcium ion channels on the cell membrane of MSCs, and the calcium ion-involved signaling played important roles in the differentiation of MSCs [68, 69] . On the other hand, the cytoskeleton would be dramatically rearranged during the spheroid formation on CS substrates. Blocking the cytoskeleton rearrangement by the treatment of a Rho-associated coiled-coil containing protein kinase (ROCK) inhibitor interrupted the self-assembly of MSC spheroids [21] . Meanwhile, ROCK signaling was also found to regulate the calcium ion-involved actin remodeling [70] . Therefore, the activation of calcium channels and the change of calcium influx may be the key regulators for the spheroid formation and the subsequent MSC differentiation on CS substrates.
Integrin-involved signaling may be a crucial factor for regulating the physiology of cell spheroids. Integrins are the important anchor proteins for cells bound to ECM. We have previously mentioned that ECM proteins are secreted by spheroid-forming cells. Thus, the combination of alpha and beta units of integrin on the membrane of MSCs as well as which ECM proteins they interact with may determine the stemness or differentiation potential of MSCs in the spheroids. For example, human placenta MSC spheroids displayed lower expression of integrin β1 compared to normal 2D culture, leading to a decrease of cell-ECM interaction and enhancement of MSC stemness. By other approaches to release cytoskeleton tension, the stemness of MSCs was promoted as well, revealing the negative relationship between stemness and cytoskeleton tension in MSCs [71] . In addition to cell-matrix interaction, the cadherin-mediated cell-cell interaction cannot be ignored. Cadherin is a kind of calcium-dependent adhesive molecule between neighboring cells. When calcium ions bind on the extracellular region of cadherin, the cadherin forms a homodimer and then binds to another cadherin homodimer on the neighboring cells. Intercellular cadherin interaction regulates the cell-cell adhesion, cell migration, and multiple types of cell signaling by association with the actin filaments [72] . The up-regulated expression levels of N-cadherin and/or E-cadherin were observed in MSC spheroids formed by different scaffold-free 3D culture systems including hanging drop method and CS substrates, comparing to those cultured on TCPS [71, 73] , indicating the involvement of cadherin-mediated signaling in the formation of MSC spheroids. Meanwhile, the calcium ions were chelated by the CS substrates [73] . Combined with several findings mentioned above, we propose a mechanism of MSC spheroid formation on CS substrates. At initial seeding, MSCs adhere on the surface of CS substrates because of the activation of cadherin proteins by calcium ions chelated on the CS substrates. Cell tension generated by the interaction between MSCs and CS membranes leads to the activation of calcium channels on the membrane of MSCs, resulting in the change of calcium concentration within MSCs. The intracellular calcium-mediated signaling, especially in the regulation of cytoskeleton organization, was affected. Finally, MSCs detached from CS substrates and rapidly migrated as well as self-assembled into spheroids.
Several behavior changes of MSCs are observed when they are organized into the spheroids, such as enhancement of cell proliferation and differentiation. However, the underlying molecular signaling is still rarely investigated in the cells. With the accumulating evidence, we will determine what happens in the cells during the spheroid formation, and this information will be useful for generating the desired or customized MSC spheroids in the future.
Perspectives of MSCs Spheroids in Healthcare
Because of their unique functions and applications, MSCs have been recently named by Professor Arnold Caplan as medicinal signaling cells [74] . MSCs are not only capable of differentiating into osteocytes, chondrocytes, as well as adipocytes, they secrete several trophic proteins to modulate immune response and to promote tissue regeneration, indicating the versatile roles of MSCs in regenerative medicine [75] . Based on the accumulating experimental evidence, the approaches to induce the specific differentiation of MSCs might be gradually established in the near future. For clinical applications, the origins and amplification protocols have to be concerned in MSC therapies. The heterogeneity of MSCs from different individuals and tissues has been demonstrated [76] . Therefore, for treating the specific disorders, the most suitable origin of MSCs has to be determined. Continuous improvement of biotechnology in the study of secretome, epigenetics, genomics, and proteomics is helpful for clarifying the differentiation and therapeutic capacities for MSCs derived from different origins [77] . To obtain a sufficient number of MSCs for medical applications, an appropriate expansion procedure is required. During the MSC amplification, the maintenance of stemness and differentiation capacities is a critical issue. As mentioned in the previous sections, the differentiation capacities of spheroid-forming MSCs are enhanced, and their differentiation tendencies are further controllable by the planar culture substratum combined with specific induction. Furthermore, MSC spheroids generated by scaffold-free culture platforms are more convenient than those grown within the 3D scaffolds for actual applications, such as intravenous injection. Therefore, the 3D MSC spheroids assembled on a planar scaffold-free culture substrate are promising therapeutic tools or agents to restore the functions of damaged organs in the era of regenerative medicine.
Recently, the relatively common and reliable origins of MSCs are bone marrow and adipose tissues. However, surgical requirement remains for isolating MSCs from these tissues. Circulating MSCs may be a great another resource. The similar properties of circulating MSCs have been identified as compared to the bone marrow-derived MSCs. The expression levels of surface markers such as CD44, CD90, and CD73 were almost identical in the circulating MSCs and bone marrow-derived MSCs [78] . The critical drawback of circulating MSCs is low quantity. Therefore, a reliable protocol or strategy used for isolating MSCs from blood and further amplifying in vitro is essential for in vivo applications of circulating MSCs. According to the current evidence, CS-based substrates may be a potential platform to isolate and expand the MSCs from blood circulation.
In addition to regenerative medicine, MSCs also display potential in acting as diagnostic tools. For example, the patients with hypertrophic cardiomyopathy had increased circulating MSCs in the blood stream, comparing to the normal individuals [79] . As mentioned above, the cellular properties of MSCs derived from the respective individuals are different. After the development of a reliable protocol used for MSC isolation and amplification, circulating MSCs and other MSCs would be characterized from the individuals with different healthy status, age, nationality, or lifestyle, and this database of MSCs may be further organized into a smart healthcare platform in the future (Figure 2 ). planar scaffold-free culture substrate are promising therapeutic tools or agents to restore the functions of damaged organs in the era of regenerative medicine.
In addition to regenerative medicine, MSCs also display potential in acting as diagnostic tools. For example, the patients with hypertrophic cardiomyopathy had increased circulating MSCs in the blood stream, comparing to the normal individuals [79] . As mentioned above, the cellular properties of MSCs derived from the respective individuals are different. After the development of a reliable protocol used for MSC isolation and amplification, circulating MSCs and other MSCs would be characterized from the individuals with different healthy status, age, nationality, or lifestyle, and this database of MSCs may be further organized into a smart healthcare platform in the future (Fig.  2) . 
